Cleistothecial development in Aspergillus nidulans (teleomorph, Emericella nidulans) was examined with the transmission electron microscopy. Cleistothecial initial was a small coiled lump of cells, ca. 6 µ µ µ µm in diameter, which was consisted of a slightly swollen core with a short "tail" hypha. Initials were wrapped with a loose layer of hyphae. Core cells of cleistothecial initials were broad and multinucleated at first, then formed dikaryotic ascogenous cells, followed by post-meiotic tetra-nucleate or octa-nucleate protoasci and finally mature ascospores. Croziers were formed early during cleistothecium development. The peridial layer of mature cleistothecia was derived from the wrapping hyphae which originally invested the young cleistothecium. Completion of peridial layers development was associated with the depositing of a non-enzyme reactive material around peridial cells. Hülle cell formation during the cleistothecial development appeared to be somewhat coordinated with the developmental stages of cleistothecium.
All Aspergilli produce mitotically derived asexual spores (conidia) and a few species, including A. nidulans, also produce sexual spores (ascospores), which are formed inside small spherical shells (100~300 µm in diameter) called cleistothecia. General aspects of sexual morphogenesis in the ascomycetes was reviewed by Turian (1978) , and extensive accounts on the physiological and biochemical conditions for induction of ascocarps were also reported (Moore-Landecker, 1992) . Most Aspergillus species, except A. heterothallicus, are homothallic (Kwon and Raper, 1967: Raper and Fennell, 1965) , and can perform a kind of self-sexual reproduction that does not require a partner. In Aspergillus, sexual reproduction involves plasmogamy, formation of a dikaryon, fusion of two nuclei, and finally cleistothecium maturation. However, irrespective of homo-or heterothallic species, the detailed processes of ascocarp formation in Aspergillus is not well understood (Champe and Simon, 1992; Champe et al., 1994; Egel-Mitani et al., 1982; Strickland, 1958) . Benjamin (1955) reviewed the characteristics of cleistothecial development in several species of Aspergillus and Penicillium at the light microscopic level. Based on differences in ontogeny and morphology of mature ascocarps and developmental characters, such as the presence of hülle cells, Benjamin (1955) categorized Aspergilli into three teleomorph types: Eurotium, Sartorya, and Emericella. Benjamin commented that no sexual organs were formed in Emericella type and it is generally believed, that in many members of Aspergillus and Penicillium, distinct sexual organs are not formed, or only inconspicuous or undifferentiated sexual organs are formed (Alexopoulos et al., 1996) . However, Kwon and Raper (1967) found that in A. heterothallicus, which has a heterothallic Emericella type teleomorph, coiled structures were formed as the cleistothecial initials when compatible mating types were cultured together. In another study of cleistothecium development hyphae (Kuehn, 1955a, b) , Myxotrichum uncinatum, a member of Onygenales, was never known to produce ascogonia or antheridia during ascocarp formation, but did form a lump of cells made of a swollen stem cells tightly wrapped with coiling hyphae. Indeed, many other ascomycetes hyphal coils or other similar structures are formed as the ascocarp initials. These include cleistothecia of Aspergillus and Penicillium (Benjamin, 1955; Champe and Simon, 1992; Champe et al., 1994; KwonChung and Raper, 1967) , Emmonsiella (Kwon-Chung, 1973) , Myxotrichum (Kuehn, 1955a, b) , members of Pseudoeurotiaceae (Malloch and Cain, 1970) ; perithecia of Cercophora (Hanlin, 1999) , Diaporthe (Jensen, 1983) , Gibberella (Trail and Common, 2000) , Loramyces (Digby and Goos, 1987) , Melanospora (Goh and Hanlin, 1994) and Posospora (Koehn, 1971) .
Some reports of later stages of cleistothecium development of A. nidulans used electron microscopy (Champe and Simon, 1992; Champe et al., 1994; Egel-Mitani et al., 1982; Fennel and Simon, 1992) . Champe et al. (1994) described the developmental schedule of cleistothecia and morphological findings on immature and mature cleistothecium using scanning electron microscopy, and that the laccase II was associated with primordial development. Originally Hermann et al. (1983) reported that this enzyme was produced in hülle cells and transferred to the developing primordia. Hülle cells are only produced by Emericella, in which A. nidulans is placed (Benjamin, 1955; Raper and Fennell, 1965) . In a study using transmission electron microscopy, Egel-Mitani et al. (1982) reported that in A. nidulans synaptonemal complexes or other conspicuous signs of chromosomal pairing were not observed, and Strickland (1958) also suggested the absence of mitotic crossing over in this species. Absence of synaptonemal complexes during meiosis was also reported in Schizosaccharomyces pombe (Olson et al., 1978; Snow, 1979) . Based upon the available data, a significant part of the cleistothecium formations in A. nidulans is not well understood at the fine structural level.
In this study, we described in detail the cleistothecium ontogeny of A. nidulans, emphasizing 1) how cleistothecial initials are formed and what the early stage of an ascogenous cell looks like, 2) how the peridium develops, and 3) how ascogenous cells proliferate and develop into asci. Characteristics of A. nidulans ascocarp development are compared with those of other types of ascocarps.
Materials and Methods
Fungal strain and culture. Aspergillus nidulans Berk & Br. (FGSC 4) was used as the experimental specimen. Somatic hyphae were grown for 5 days on the cellophane strips (0.5 cm×5 cm) coated with 0.5% locust bean gum (Sigma) laid on complete medium (dextrose, 10 g; yeast extract, 1.5 g; casein acid, 1.5 g; vitamin solution, 10 ml; minimal salt stock solution, 20 ml) (Han et al., 1990; Harris et al., 1994) at 37 o C. Cleistothecium formation was effectively induced by placing the inoculated agar plate under the oxygen-limiting environment (Clutterbuck, 1974) . To make oxygen limited, inoculated plates were sealed with parafilm, and the seals were removed 24 hrs after inoculation (Han et al., 1990) .
Light microscopy. Cellophane strips with developing cleistothecia were cut out and fixed in 4% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.2) for 2 hrs at room temperature. Specimens were washed in 0.1 M cacodylate buffer 3 times each for 5 minutes. Developing cleistothecia were examined with Polyvar Type-A microscope (Reichert Jung, Germany) equipped with Nomarski interference contrast optics for observation.
Fluorescence microscopy. Parts of cellophane strips, having developing cleistothecia, were cut out and processed as that in light microscopy. Fixed specimens were treated with DAPI [(4' 6-diamidino-2-phenylindole, 2 µg/ ml) DAPI in solution of glycerol : phosphate buffered saline = 1 : 2], then examined with Polyvar Type-A microscope, equipped with transmitted-light exciter filters [ultra-violet exciter filter (U1) band-pass 330~380 nm].
Scanning electron microscopy. Specimens were processed as in the light microscopy. However, in this case, specimens were dehydrated in an ethanol series. Dehydrated specimens were critical point dried, subsequently coated with gold, and examined with the JEOL SEM 4-S scanning electron microscope.
Transmission electron microscopy. Parts of cellophane strips, having developing cleistothecia, were cut out and processed as that in light microscopy. In order to make the localization of minute cleistothecial initials easier, the following steps were taken: Glutaraldehyde-fixed mycelial mats, containing cleistothecia at the various stages, were scraped out of cellophane strips with a razor blade and finely fragmented in a mini Waring blender in cacodylate buffer at high speed. Fragmented hyphae were retrieved by centrifugation, then post-fixed in 2% OsO 4 for 2 hrs at room temp, and dehydrated in an acetone series. Specimens were infiltrated in Spurr's low viscosity medium (Bozzola and Russell, 1992) and made into plastic wafers between 2 teflon-coated (dry film lubricant, Crown) microscopic slide glasses. Specimens in thin plastic film were scanned for cleistothcia at various stages under the light microscope. Cleistothecia at the appropriate stages were marked, using a Nikon ink marker, and cut out with razor blades, and remounted on the beem block for thin sectioning. Ultrathin sections were subsequently stained with conventional uranyl and lead salts and examined with the Zeiss EM 109.
Results
Formation of cleistothecial initials and its early development. Conidia began to appear approximately 14 hrs after inoculation at 37 o C. Rate of conidia formation slowed at about 40 hrs, and as it slowed, the sexual cycle began with the appearance of cleistothecial initials on the surface of mycelial mat. In Aspergillus nidulans, the first morphological manifestation of cleistothecia formation was the appearance of a simple and loosely coiled structure, in which two hyphae participated to form; One hypha formed a lump of a 2-celled core structure with a round head with a protruding tail, while the other hypha wrapped itself around the core structure in loose spiral turns (Figs. 1, 3, 5, 7 and 8) . These coiled lumps were formed on the thick hyphal mat with abundant aerial hyphae, and this condition actually made the localization of minute ascocarp initials very difficult. Hyphae of coiled structure were undifferentiated and 1~2 µm in diameter (Fig. 1) . At the very early stage, the size of coiled lumps were as small as 6 µm in diameter and the wrapping hyphae contained dense cytoplasm with several nuclei (Figs. 2 and 3) . In some preparations, it was obvious that the two individual hyphal components of initials were derived from the same parental hypha (Figs. 3 and 4) .
When the proximal core cell of initials became enlarged to approximately 10 µm, the number of turns of wrapping coils was also increased to 6~7 turns, thus forming a tighter and more complete investment (Figs. 5, 7 and 8) . We actually interpreted this enlarged core cell as the origin of the ascogenous system. At this stage the ascogenous system was one-celled and multinucleate (Figs. 6 and 7). This is the stage when the first hülle cells appear in the vicinity of young cleistothecia (Fig. 9) .
As young cleistothecia were enlarged to approximately 20 µm in diameter, the hyphal wrapping (peridium) became pseudoparenchymatous (Fig. 11) , and the median section of young cleistothecium showed that the number of peridial layers was increased to 3; In contrast, there was a little increase in ascogenous cells, indicating that the thickening of the peridium was a very rapid process. At this stage, the peridium actually made up almost 70% of the cleistothecial diameter (assumption based upon the median section), and the cytoplasm of peridial cells was extremely dense in comparison with those of the ascogenous system (Figs. 10 and 11). Cells of peridium were multinuleate as in the somatic hyphae, and irregular and broad in morphology. Peridial hyphae seemed to be wellbonded together with some electron-dense material between neighboring cell walls (Figs. 10, 11 and 12) . At this stage, the ascogenous system was still a one-celled, multinucleate with a cytoplasm having some vacuoles (Figs. 11 and 12) .
When the diameter of the cleistothecium became approximately 40 µm, peridial layers further increased to
Figs. 1-4. Light micrograph of cleistothecial initials at very early stage (ca. 6~8 µm in diameter). 1. Two separate hyphal branches participating in formation of an initial. Note the upper round core part and a loose intertwining of hypha. 2. DAPI staining of the same cell as that in Fig. 1 . Arrows indicate two hyphal partners. 3. Antheridia-like exterior electron dense hyphae and core cell (early ascogenous system) originated from the same parental hyphae (A) and (B). 4. Cleistothecial initial covered by a loosely woven hyphal net. Note that 2 or 3 hyphae from the same parental hypha joined for the formation of an initial. CI, cleistothecial initial; PH, parental hypha. Scale bars: 1, 2 = 10 µm; 3 = 2 µm; 4 = 2.5 µm.
6 layers, and its previously one-celled ascogenous system changed to multicelluar. Peridial layers were arranged in annular fashion, and there was a slight, but distinct deposition of electron-dense material at the exterior surface of the peridium (Fig. 13) . The total number of nuclei was not tracked, but it was multinucleate as that in Fig. 11 . At
Figs. 5-9. Young cleistothecial initials at ca. 10 µm in diameter 5. Cleistothecial initial with a spirally wrapped core part (unclear by the masking coiling hyphae in this micrograph) with a tail hypha. 6. DAPI staining of the same cell as that in Fig. 5 . Arrow heads indicate nuclei of regularly arranged wrapping cells. 7 and 8. A singled-celled ascogenous mother cell (core cell) with 4 nuclei (arrows). Note the single layered spiral wrapping hyphae. 9. Young cleistothecium with a few mature hülle cells nearby. CI, cleistothecial initial; Co, coiling; HC, hülle cell; N, nucleus. Scale bars: 5, 6 = 10 µm; 7, 8 = 5 µm; 9 = 10 µm.
this stage, numerous aerial hyphae, hülle cells, and conidial balls surrounded the cleistothecium, leaving only the upper portion of young ascocarp exposed to the outside (Figs. 13 and 14) .
Development of centrum.
It appeared that, when the size of young cleistothecium reached approximately 100 µm in diameter, the central portion of the ascocarp was replaced by a large number of smaller cells, many of which were branched or curved in shape, and there were some croziers, indicating many of these cells might be the ascogenous cells (Figs. 15 and 16 ). Ascogenous cells were easily discernible with their binucleate penultimate cell connected to a tip cell having a single nucleus (Fig.  16 ). At this stage, it is noteable that the number of peridial layers was considerably reduced compared with those in earlier stages, and it is interesting that many cells of the inner peridial layers seemed to be under disintegration.
Figs. 10-12. Young cleistothecium with a developing wall system (ascocarp, 20 µm in diameter). 10. One-celled, but multinucleate ascogenous system. 11. Superficial section of parenchymatous peridial cells of the initial at 20 µm in diameter. Asterisks indicate the nuclei. Note the slight deposition of electron-dense material at external surface of peridium (arrow). 12. Scanning electron micrograph of a cleistothecium (20 µm in diameter). Note that the smooth surface of peidium. C, cleistothecium; N, nucleus; WL, wall layers. Scale bars: 10, 11 = 5 µm; 12 = 10 µm.
Disintegration of inner peridial layers appeared to result in some extra space within the centrum, whereas the outer layers of the peridium were intact. It should be pointed out that there was a visible deposit of electron-dense material in the intercellular space of the outermost layer of the peridium (Fig. 15) . Deposition of electron dense material on the peridial layer appeared to spread inward, but later the deposition seemed limited only to the two outer layers (Fig. 29) . At this stage, young cleistothecium is completely surrounded by a large number of hülle cells (Fig. 17) . Centrum of further grown cleistothecia (120 µm in diameter) became filled with many broad cells, believed to be ascogenous cells and protoasci. The internal space of the centrum at this stage was fully expanded through the outward deliquescence of the inner wall layers (Fig. 18) . Some of the ascogenous cells were enlarged and contained either 4 or 8 nuclei, which may indicate that these cells were proto-asci that might be post-meiotic or past post-meiotic mitosis 
Discussion

Formation of ascocarps in cleistothecial fungi, including
Aspergillus involves the coordinated development of two quite different tissue types. The first is the system of ascogenous cells that ultimately gives rise to asci; the second is the network of sterile hyphae that surround the ascogenous system or asci, and develops into the cleistothecial peridium. As it is well known in ascomycetes, the appearance of the ascogenous system must be preceded by the plasmogamy between two haploid gametic cells. In many filamentous ascomycetes, irrespective of the types of ascocarps, the first indication of sexual development is often the appearance of hyphal coils or intertwinings resulted from the fusion of two independent hyphae, though the type of coilings are varied depending on the genus (Benjamin, 1955; Champe et al., 1994; Champe and Simon, 1992; Digby and Goos, 1987; Goh and Hanlin, 1994; Hanlin, 1999; Jensen, 1983; Koehn, 1971; Kuehn, 1955a, b; Kwon-Chung, 1973; Kwon-Chung and Raper, 1967; Malloch and Cain, 1970; Trail and Common, 2000) . According to many authors, coiled structures formed at the start of the sexual cycle have been often described in various words such as "sexually undifferentiated hyphae" or "inconspicuous sexual organs" etc. In Aspergillus nidulans, we confirmed that cleistothecial initials were formed through the intertwining of two undifferentiated hyphae, often from the same parental hypha. However, for a long time, it has been known that no apparent sexual organs are formed at the ascocarp development in this species (Benjamin, 1955) . The cleistothecial initial of this fungus consisted of multinucleate core cells with its circularly wrapping hyphae. Since the swollen part of the core eventually developed into the ascogenous system, which formed the asci, it may be more appropriate to term the core cell of the initial as the ascogenous system. Because neither definite ascogonia nor antheridia are formed during the initial stage of cleistothecium formation, we are still not certain whether there is an actual plasmogamy occurring between the two haploid hyphae in this homothallic species.
A. nidulans, ascogenous cells, as diagnosed by its dikaryotic state, are not established at the early stage of cleistothrcium, but appears later when the centrum is filled with many smaller cells which clearly resulted from repeated cell divisions of young core cells. Ascogenous cells can be typified by the presence of croziers. In this fungus, the original position of cells in the early cleistothecium (core cells and peripheral wrapping cells) seems to determine the final fate in the mature cleistothecium, in which the coiled and wrapping hyphae eventually form the peridium and the centrum is entirely filled by the cells derived from the core cells. Such a programmed developmental path was also seen in Hypomyces trichothecoides, a perithecial fungus (Hanlin, 1964) ; However, in Gibberella zeae, another perithecial fungus, it was reported that the ascogenous cells or cells of the centrum were also derived from the peridial cells (Trail and Common, 2000) , suggesting that the developmental styles of ascocarp tissue can be varied upon in the fungal genera. In our study, the peridium of A. nidulans appeared to be derived entirely from the wrapping coils of the cleistothecial initial. It is interesting that the maximally layered wall cells of developing celeistothecia were later reduced to a mere two layers. Our results suggested that the reduction of peridial layers occurred through the disintegration of inner layers outwardly, and it appeared that the centrum actually expanded its space through outward dissolution of inner peridial layers. Disintegration of peridial layers seemed to be limited by the presence of electron-dense material impregnated in intercellular space of outer wall
Figs. 24-29. Cleistothecium at the near maturity (120~170 µm). 24-27. Protoascus after postmeiotic mitosis (cleistothecium 120 µm in diameter). Serial sections show a young ascus with 8 nuclei. 28. Thick section of a near mature cleistothecium (170 µm in diameter) completely stripped of hülle cells. Ascocarp contained many asci at the near maturity (circled). 29. Mature ascus (ascocarp, 170 µm in diameter) contining ascospores suspended in remnant cytoplasm. Note the only two cell thick peridium with its intercellular space heavily impregnated with electron-dense material (arrow). As, ascospore; N, nucleus; WL, peridial layer. Scale bars: 24-27 = 1.5 µm; 28 = 30 µm; 29 = 2 µm.
layers. This assumption can be reasonably supported by the observation that the remaining two peridial layers with impregnation appeared to be well protected from the dissolution. The presence of this electron-dense matrix in the peridium of the cleistothecium of A. nidulans was also accounted by Champe and Simmon (1992) , who called this material "cleistin". In our micrographs, it showed that cleistin seemed to appear at the surface of young peridial layers as early as the developing cleistothecium was 40 µm in diameter. The presence of hülle cells during the cleistothecial development in A. nidulans is the major characteristic that differentiates the common Aspergilli into teleomorphic Emericella spp. with hülle cells from Eurotium. and others without hülle cells. (Benjamin, 1955; Champe et al., 1994) ; However, it should be noted that the appearance of hülle cells during the cleisothecium development seems to be coordinated with the developmental stages. According to our study, there were almost no hülle cells present at the very early stage of cleistothecium development and the number of these cells rapidly increased as the size of the ascocarp enlarged. However, in A. heterothallicus, it is known that masses of hülle cells are produced even when two mating types are grown separately (Kwon and Raper, 1967; Raper and Fennell, 1965) . This may suggest that the in A. nidulans hülle cells and ascocarp formation may not be intimately related. The presence of dikaryotic cells is ensued by the imminent production of ascospores. As in other filamentous ascomycetes, A. nidulans, dikaryotic cells with crozier are formed in enormous numbers at the mid-stage of cleistothecium development. The presence of croziers was also reported in other studies of A. nidulans (Egel-Mitani et al., 1982; Han, personal communication) . It is not clear how the originally multinucleated ascogenous system in this fungus turns to multicellular and how its nuclei are assembled into the dikaryotic system. Ascogenous cells with four or eight nuclei were broad and this indicates that these cells were at the post-meiotic stage. Egel-Mitani et al. (1982) examined meiotic protoasci of this fungus with transmission electron microscope, and accounted for the meiotic process and ascospore delimitation. They suggested that there was no meiotic crossing over interference in this fungus, indicating there may be no chromosome recombination in this fungus. Such an unusual phenomenon in the meiosis of A. nidulans was also reported by another author (Strickland, 1958) . Both mitotic and meiotic crossing over are routinely used in mapping genes to chromosomes and with respect to chromosomal markers, respectively, but just because it is not readily seen with electron and light microscopes, does not mean it does not occur. Also, it is not certain if the absence of synaptonemal complexes is restricted in the homothallic species of other fungi, too; However, tetrad analysis of Schizosaccharomyces pombe revealed that this fungus also lacked meiotic chromosome pairing (Olsen et al., 1978; Snow, 1979) . Although we did not provide any data on this subject, further study will be very useful to understand the nature of homothallism in fungi.
